Summary. Polycyclic aromatic hydrocarbon (PAH) molecules, ubiquitously seen in the interstellar medium (ISM) of our own and external galaxies, might have been incorporated into comets if they are formed from relatively unprocessed interstellar matter. The detection of PAHs in comets would be an important link between the ISM and comets. This review compiles our current knowledge on cometary PAHs, based on ground-based and space-borne observations of infrared vibrational and ultraviolet fluorescence spectra of comets, and laboratory analysis of interplanetary dust particles possibly of cometary origin and cometary samples returned to Earth by the Stardust spacecraft. The latter provided the most unambiguous evidence for the presence of PAHs in cometary nuclei.
Introduction: PAHs as a Link between the Interstellar Medium and the Solar System
The major goals of cometary science are to determine the chemical composition and physical structure of cometary nuclei and to shed light on the origin of the solar system. It is now widely recognized that comets formed in the cold outer regions of the solar nebula (∼ 5-55 AU from the Sun, well beyond the "snowline") and have been stored in two distant reservoirs (i.e. the Oort cloud and the Kuiper Belt) for most of the age of the solar system (∼ 4.6×10 9 yrs). Because of their cold formation and cold storage, 1 it is therefore also widely believed that comets are the most primitive objects in the solar system. However, there is no consensus on to what extent comets preserve the composition of the presolar molecular cloud and the early stages of the protosolar nebula. A compelling theory is that comets are made of unaltered pristine interstellar materials with only the most volatile components partially evaporated (Greenberg 1982) . Alternatively, it has also been proposed that cometary materials have been subjected to evaporation, recondensation and other reprocessing in the protosolar nebula and therefore have lost all the records of the presolar molecular cloud out of which they have formed.
Polycyclic aromatic hydrocarbon (PAH) molecules, composed of fused benzene rings (see Fig. 1 for illustration) , and a significant constituent of the interstellar medium (ISM) of the Milky Way and external galaxies (see §2), would also be present in comets if they indeed contain unprocessed interstellar matter. The detection of PAHs in comets would be an important link between the ISM and comets and provides important clues on the processes that occurred during the formation of our solar system.
In this review I attempt to compile all possible evidence for the presence of PAHs in comets ( §4), focusing on ground-based and space-borne spectroscopy of infrared vibrational and ultraviolet (UV) fluorescent emission spectra of comets, and laboratory analysis of stratospherically collected interplanetary dust particles (IDPs) thought to be cometary in origin and cometary samples returned to Earth by the Stardust spacecraft, with the latter providing the most unambiguous proof. Using the PAHs in the ISM ( §2) and circumstellar disks ( §3) as a comparison basis, the physical and chemical nature and source of cometary PAHs are discussed in §5. Fig. 1 . Structures of 21 specific PAH molecules. Both compact pericondensed molecules (pyrene, perylene) and thermodynamically less favoured catacondensed molecules (naphthalene, phenanthrene) and their alkylated homologs were identified in the Stardust samples (Sandford et al. 2006 , Clemett et al. 2007 ). Naphthalene, phenanthrene and their alkylated derivatives were found in IDPs possibly of cometary origin (Clemett et al. 1993) . PAHs with up to 7 rings and their alkyl derivatives are abundant in carbonaceous chondrites (Sephton et al. 2004 ).
Ubiquity of PAHs in the Interstellar Medium of the Milky Way and External Galaxies
PAHs reveal their presence in the ISM by emitting a distinctive set of emission features at 3.3, 6.2, 7.7, 8.6, and 11.3 µm (which are also collectively known as the "Unidentified Infrared" [UIR] emission bands).
2 Since their first detection in the planetary nebulae NGC 7027 and BD+30 o 3639 (Gillett et al. 1973) , PAHs have been observed in a wide range of Galactic and extragalactic regions (see Fig. 2 
and Draine & Li 2007).
In the Milky Way diffuse ISM, PAHs, containing ∼ 45 ppm (parts per million, relative to H) C, account for ∼ 20% of the total power emitted by interstellar dust (Li & Draine 2001b ). The ISO (Infrared Space Observatories) and Spitzer imaging and spectroscopy have revealed that PAHs are also a ubiquitous feature of external galaxies (Tielens 2005; Smith et al. 2007 ). Recent discoveries include the detection of PAH emission in a wide range of systems: distant Luminous Infrared Galaxies (LIRGs) with redshift z ranging from 0.1 to 1.2 (Elbaz et al. 2005) , distant Ultraluminous Infrared Galaxies (ULIRGs) with redshift z ∼ 2 (Yan et al. 2005 (Yan et al. , 2007 , distant luminous submillimeter galaxies at redshift z ∼ 2.8 (Lutz et al. 2005) , the distant Cloverleaf lensed QSO at redshift z ∼ 2.56 (Lutz et al. 2007 ), elliptical galaxies with a hostile environment (containing hot gas of temperature ∼ 3 µm) , C-C stretching modes (6.2, 7.7 µm), C-H in-plane bending mode (8.6 µm), and C-H out-of-plane bending mode (11.3 µm). Other C-H out-of-plane bending modes at 11.9, 12.7 and 13.6 µm have also been detected. The wavelengths of the C-H out-of-plane bending modes depend on the number of neighboring H atoms: 11.3 µm for solo-CH (no adjacent H atom), 11.9 µm for duet-CH (2 adjacent H atoms), 12.7 µm for trio-CH (3 adjacent H atoms), and 13.6 µm for quartet-CH 
PAHs in Circumstellar Dust Disks
Dust disks around young stars, depending on their age, are the source material or the remnants of newly-formed planets, asteroids, and comets. There exists observational evidence for the presence of PAHs in protoplanetary disks around the intermediate-mass (∼ 2-10 M ⊙ ) pre-main-sequence (PMS) Herbig Ae/Be (hereafter HAeBe) stars and their low-mass (< 2 M ⊙ ) analog T Tauri stars, as well as debris disks around main-sequence (MS) stars (see Fig. 3 for illustration).
-From an analysis of the space-borne and ground-based spectra of 41 HAeBe stars in the 3 µm region, Brooke et al. (1993) reported a firm detection of the 3.3 µm PAH C-H stretching emission feature in ∼ 20% of these objects. Fig. 3 ).
-Geers et al. (2006) analyzed the Spitzer IRS spectra of 38 T Tauri stars and found PAHs in at least 8% (or probably as much as 45%) of these objects. The PAH spectra of T Tauri stars appear to be quite different from those of HAeBe stars and those typical in the ISM (see Fig. 3 ). , and found that they are shifted to longer wavelengths than normally seen, consistent with a "Class C" PAH spectrum (Peeters et al. 2002 ; the PAH spectra of HD 233517 and SU Aur also belong to "Class C"; see Fig. 3 ). 
Evidence for PAHs in Comets
The presence of PAHs in comets was an open issue in the pre-Stardust era.
One of the most important discoveries of the Stardust Discovery Mission was the first ever most unambiguous detection of PAHs in a comet. Below, I summarize all tentative evidence in the pre-Stardust era which may suggest the presence of PAHs in comets and finally, the more definite proof from the Stardust mission. Stratospheric IDPs are believed to have originated primarily from asteroids and short-period comets (i.e. collisional debris from main belt asteroids and cometary dust captured in Earth's atmosphere when spiraling toward the Sun due to Poynting-Robertson drag). Atmospheric entry velocities, as determined from the atmospheric entry temperatures measured from the stepped He-release method (Nier & Schlutter 1993) and the atmospheric entry model of Love & Brownlee (1994) , have been used to distinguish between IDPs arising from comets and asteroids, based on the marked differences between typical asteroidal and cometary orbits -asteroidal IDPs spiraling in toward the Sun from low inclination, low eccentric asteroidal sources will enter Earth's atmosphere, on average, at relatively lower velocities than cometary IDPs (Flynn 1989 
Discussion
There is a long series of pieces of evidence which show that comets have (at least partially) preserved the pristine materials in the parent interstellar cloud out of which the solar system has formed: (1) the striking similarities in the composition of cometary and interstellar ices; (2) the large deviations of the isotopic ratios for several elements from their terrestrial values (especially the high deuterium abundance); (3) the ortho-to-para ratios of cometary water, NH 3 , and CH 4 in several comets which imply a spin temperature of ∼ 30 K (which may be characteristics of their formation temperature); (4) the presence of volatiles, supervolatiles (e.g. CO), and rare gases (e.g. N 2 ) which may indicate that they were incorporated into cometary nuclei at low temperatures (e.g. 22 K for pure CO ice); 7 and probably also (5) the high abundance of cometary HNC (see Crovisier 2006) . The definite detection of PAHs in comet Wild 2 by Stardust provides another piece of evidence for the connection between comets and the ISM and has profound implications for the nature of the PAHs in the ISM and dust disks. Admittedly, the hypothesis of PAHs as the carrier of the "UIR" bands widely seen in the ISM ( §2) and circumstellar dust disks ( §3) is still a hypothesis, although the evidence in support is very strong -so far there is no actual precise identification of a single specific PAH molecule in interstellar space or dust disks,
8 although the PAH model is quite successful in explaining the general pattern of band positions, relative intensities, and profiles observed in the "UIR" emission spectra, in terms of mixtures of highly vibrationally excited neutral and charged PAHs.
Details of the "UIR" spectra (precise band positions, bandwidths, and relative band intensities) remain hard to mimic exactly with the use of available PAH spectra obtained by experimental measurements or quantum chemical calculations (e.g. see Fig. 3f ). Therefore, in modeling the observed PAH emission spectra, astronomers usually take an empirical approach by constructing "astro-PAH" absorption properties that are consistent with spectroscopic observations of PAH emission from dust in various astrophysical environments (e.g. It is not surprising that the astronomical PAH emission spectra do not closely resemble the laboratory spectrum of any single individual PAH species since interstellar or circumstellar PAHs are most likely a complex mixture of many individual molecules, radicals, and ions. As a matter of fact, Allamandola et al. (1999) have demonstrated that the laboratory absorption spectra produced by co-adding different PAH spectra were able to provide a detailed match to the observed emission spectra.
One may still argue that the approach taken by Allamandola et al. (1999) was not perfectly appropriate because they compared the astronomical emission spectra with the co-added laboratory absorption spectra, while the IR emission spectrum of a PAH molecule does not only depend on its IR absorption spectrum, but also depends on its absorption at shorter wavelengths, its heat capacity, and the intensity and spectral shape of the illuminating radiation field (e.g. see Draine & Li 2001 ). This, together with the detection the detection of a large number of crystalline olivine and pyroxene minerals in the Stardust comet samples that, based on their solar isotopic compositions, appear to have formed in the inner regions of the solar nebula (Brownlee et al. 2006 ). Also, the silicate dust in the diffuse ISM is predominantly amorphous (Li & Draine 2001a ).
8 Cernicharo et al. (2001) reported the detection of benzene (C6H6), the basic aromatic unit, in the protoplanetary nebula CRL 618.
of individual specific PAH molecules in the Stardust samples, suggests that it would be of great value to study the excitation, emission, and destruction of a large number of specific PAH molecules in the ISM, dust disks, and cometary comae, as well as the mechanism of releasing PAHs from the ice mantles of dust in comets and dust disks to the gas phase and their lifetime against photodestruction and photoionization (e.g. see Joblin et al. 1997 
